Normal polymorphonuclear neutrophils (PMNs) constitutively secrete a mediator designated granulocyte-derived factor (GDF) that can enhance the uptake of 3H-thymidine (3-to 20-fold) by the molt-3, CTV-1, and K562 leukemic cell lines in a dose-dependent manner. GDF is heat labile (56°C for 30 minutes) and acid labile (pH 2.0) and is sensitive to treatment with bacterial protease type IV. Our preliminary studies suggest that GDF is non-dialyzable (molecular weight cutoff, 12.000). binds to diethylaminoethyl (DEAE), and has an apparent molecular weight (mol wt) of about 40
suggested to be able to assist in tumor metastases by degrading the endothelial basement membrane during extravasation, thus creating a favorable microenvironment for tumor p r o g r e s s i~n .~~~ These findings suggest that PMNs have diverse functional properties and may play different roles in response to different stimuli.
The functions of PMNs, a s well as other types of leukocytes, are largely regulated through an interplay of cytokines released by different cell Thus far, most studies on cytokines are focused on either lymphokines or monokines, and little attention has been directed towards the search for cytokines derived from PMNs.
In the present study, we have shown that normal resting PMNs can constitutively secrete a mediator, designated "granulocyte-derived factor" (GDF), that can induce thymidine kinase activity and clonal expansion in certain leukemic cell lines. This study also presents evidence that GDF is distinct from a panel of commonly known lymphokines and monokines and suggests that GDF may be a novel PMNderived mediator with potential growth modulating activity on certain hematopoietic cells. 
MATERIAL AND METHODS

Reagents.
Human recombinant interferon alfa (rIFN-a) and rIFN-y were obtained from Shionogi and the Green Cross Co (Osaka, Japan), respectively. Recombinant interleukin-l(3 (rIL-lO), rIL-2, rIL-3, granulocyte/macrophage colony stimulating factor (rGM-CSF), and tumor necrosis factor (rTNF-a) were purchased from Genzyme Corp (Boston, MA); OK432, from Chugai Co, Tokyo, Japan; calcium ionophore A23 187, phorbol 12-myristate 13-acetate (TPA), dithiotreitol (DTT), trypsin, soybean trypsin inhibitor and bacterial protease Type IV (#P0384), from Sigma Co, St Louis, MO. Recombinant IL-6 was a gift of Dr T. Kishimoto of the University of Osaka, Japan. Enzyme-linked immunoassay (EIA) kits for IL-1, IL-2, GM-CSF, and IL-4 were from Genzyme Corp; TNF-a kit was from T Cell Science, Inc, Cambridge, MA; and IFN-alpha kit was obtained from the Green Cross (Osaka, Japan).
A panel of 11 different cell lines were used in this study, as listed in Table 1 . The U937 cell line was provided by Dr A. Rosen of Karolinska Institutet, Stockholm, Sweden; and the monoblastic leukemic cell line CTV-1" was from Dr P.M. Chen of the Veterans General Hospital. The other cell lines were gifts of Dr K. Kikuchi, Sapporo Medical College, Sapporo, Japan. All cells were maintained in RPMI 1640 medium supplemented with 2 mmol/L glutamine, 5% fetal bovine serum (FBS), and gentamicin (30 pg/mL). Viability of all cells was invariably greater than 95%.
PMNs from the peripheral blood were obtained as described by M a h m~u d . '~ The cells (greater than 95% granulocytes) were then resuspended in RPMI medium with or without 5% FBS at various concentrations for subsequent studies.
PMNs (0.5 to 5 x lo6 cells/mL) were cultured in T-25 culture flasks in the presence and absence of IFN-y (300 U/mL), TPA (10 ng/mL), rGM-CSF (100 U/mL), OK432 (10 pg/mL), calcium ionophore A23187 (2 pg/ mL), or poly I:C (50 pg/mL) for 6 hours at 37OC in 5% CO,. The cells were washed twice and further incubated in complete medium for various times. Supernatants were then harvested, centrifuged at 1,500g for 10 minutes to remove cell debris, and kept at -2OOC until use. Supernatants from mononuclear cells (3 x 106/mL) and red blood cells (RBCs) (107/mL) were also harvested and assayed for GDF activity. In some experiments, PMNs were pretreated with actinomycin D (2 pg/mL) or cyclohexamide (60 mg/mL) for 1 and 6 hours, respectively, before use for production of conditioned medium (CM). Unless otherwise stated, PMN-CM was dialyzed (mol wt cutoff, 12,000) for 24 hours against two changes of medium and filtered through 0.22 pm sterile filters to avoid possible interference from small mol wt mediators. Assay for GDF activity in PMN-CM. Target cells (100 pL) at 2 x 106/mL were seeded onto 96-well round bottom microtiter plates (Nunc, Roskild, Denmark) in six replicates in the presence of various concentrations of PMN-CM or normal medium (5 to 50 pL) and then incubated for 30 hours for various times at 37OC in 5% '20,. Aliquots (25 pL) of [methyl-'HI-thymidine (New England Nuclear, Boston, MA, 6.7 Ci/mmol) were added to each well (0.5 pCi) and the cultures were further incubated for 4 hours. Trichloroacetic acid (TCA) was added to all cultures to 10%. and acid precipitable counts were then determined in a liquid scintillation spectrophotometer. Results were expressed as stimulation index (SI) = Mean cpm treated/Mean cpm nontreated controls.
Effect of GDF, CSFs. and lipopolysaccharide on colony formation of leukemic cells. Molt-3, CTV-l, and K562 cells were resuspended in RPMI 1640 medium supplemented with 15% FBS, 2 mmol/L glutamine, gentamicin (30 pg/mL), and 0.3% Bacto-agar at 1.000 cells/mL in the presence or absence of different concentrations of PMN-CM, partially purified (by DEAE column chromatography) GDF, GM-, G-, and M-CSF (10 or 50 U/mL), and lipopolysaccharide (LPS; 0.01 or 0.1 pg/mL). The number of colonies was then scored under an inverted microscope at day 10 post-incubation. All tests were done in triplicates and repeated at least three times with similar results.
Assay for cytokines in PMN-CM. Different batches of serumfree PMN-CM were prepared as described above and assayed for the presence of IL-1, IL-2, IL-4, GM-CSF, IFN-a, and TNF-a by a solid phase EIA according to instructions. Interferon activity in PMN-CM (5% to 50%) was determined by a standard bioassay," and the ability of PMN-CM (5% to 20%) to promote the colony formation of myeloid progenitor cells (CFU-GM) was assayed in 0.3% soft agar culture, as described in detail elsewhere. 16 The number of colonies was scored at day 7 and day 14 post-incubation at 37°C.
Effect of cytokines on the 'H-thymidine uptake of GDF responsive cells. Molt-3 and CTV-1 cells were resuspended in complete medium at 2 x 10' cells/mL and cultured in the presence or absence of rIL-1 (10 or 100 U/mL), rIL-2 (10 or 100 U/mL), rIL-3 (10 or 100 U/mL), rIL-6 (20 U/mL), rGM-CSF (100 U/mL), 20% PMN-CM, or medium only and then assayed for 'H-thymidine uptake as described for GDF. This study was repeated twice with similar results.
Aliquots of serum-free PMN-CM were incubated at 4°C. 37°C. or 56°C for various times or dialyzed first against three changes of 0.05 mol/L glycine-HC1 buffer (pH 2.0), phosphate-buffered saline (PBS, pH 7.3), and 50 mmol/L Tris-HCI (pH 8.6) for 48 hours and then against medium Physicochemical properties of GDF. before assay to evaluate sensitivity to heat and pH, respectively.
Response to DTT treatment was tested by the addition of DTT (0.065 mol/L) or equal volume of medium followed by incubation for 1 hour at room temperature. DTT was then removed by dialysis before assay for residual activity. All assays were done in the molt-3 and/or CTV-1 cells, and GDF was tested at 20% final concentration.
Serum-free PMN-CM was first concentrated 10-fold by ultrafiltration (Amicon; mol wt cutoff, 10,000) and then treated with a trypsin solution (0.25%) for 3 hours at 37OC and further incubated for 1 hour with equivalent units of soybean trypsin-inhibitor before assay. Separate samples were treated with bacterial protease type IV (200 pg/mL) for 16 hours at 37°C. The samples were then assayed for GDF activity at 2% final concentration in molt-3 cells as described above. Appropriate controls were included in each assay and all experiments were carried out at least twice with similar results.
Aliquots of serumfree PMN-CM (200 mL or more) were concentrated 10-to 20-fold by ultrafiltration (mol wt cutoff, 10,000) and then dialyzed against 25 mmol/L Tris-HC1 buffer at pH 7.5 for 24 hours. The solution was loaded onto a DEAE-TSK column (1 x 10 cm) and then eluted with a step gradient of Tris-buffered NaCl(0 to 1 .O mol/L) solution at 60 mL/h. Fractions (2 mL) were collected and assayed for GDF activity. Biologically active fractions (SI greater than 2 at 20%) were pooled, concentrated, and then loaded onto an FPLC superose-12 prepacked column (1 x 13 cm; Pharmacia, Uppsala, Sweden). The column was eluted with 0.1 mol/L PBS, pH 7.5 at a rate of 24 mL/h, and 1-mL fractions were assayed for GDF activity as before.
Efect of PMN-CM on the uptake of 3H-deoxynucleosides. deoxyguanosine (sp act, 5 to 15 Ci/mmol) at 1.0 pCi/mL. Cellular DNA was then harvested by extraction with HC10, followed by NaOH, as described by Elias et al." Total DNA content was determined by the method of Burton."
Molt-3 and U937 cells (5 x lO'/mL) were cultured in the presence or absence of 20% PMN-CM for 24 to 30 hours. The cells were then pelleted by centrifugation and resuspended in an extraction buffer containing 0.01 mol/L Tris-HC1 (pH 7.5), 10% glycerol, 0.15 mol/L NaCI, and 20 pmol/L DTT at 5 x lo6 cells/mL. Thymidine kinase (TK) activity in the cell extract was determined as described by Lee and Cheng.'' Results were expressed as cpm of 'H-thymidine converted to 'H-thymidylate monophosphate (dTMP).
Sensitivity toproteases.
Partial purification of GDF from PMN-CM.
Thymidine kinase assay.
RESULTS
Production and assay of GDF.
In various experiments, GDF activity was detectable only in PMN-CM but not in media conditioned with mononuclear cells or RBCs. Production of GDF activity was first detected a t 16 hours postincubation, peaked at about 30 hours, and then gradually declined (Fig 1A) . Mean percent viability of PMNs at 24, 48, and 72 hours post-incubation were 8 2 rtr 3.6, 58 5.2, and 28 8, respectively, in three separate experiments. In addition, GDF activity was proportional to the number of PMNs u p to 5 x lo6 cells/mL (Fig lB) , but treatment of PMNs with activating agents such as IFN-y (300 U / m L ) had no enhancing effect (Fig 1B and data not shown) . Correspondingly, production of GDF was serum-indepen- 
5;
C E L L N U M B E R x lo5 dent and was not affected by pretreatment of PMNs with actinomycin D or cyclohexamide. These results suggest that GDF production is constitutive and is released only by PMNs. In addition, enhancement of 'H-thymidine uptake in GDF-treated molt-3 cells was dose-dependent (5% to 30%), and maximal stimulation occurred at about 36 hours posttreatment (data not shown). It is noteworthy that different batches of serum-free PMN-CM invariably contain a trace amount of endotoxin ( 5 4 ng/mL) as determined by a Limulus assay kit (Wako, Tokyo, Japan).
Results shown in Table 1 indicated that 3 of 11 cell lines tested responded to GDF such that the thymidine uptake stimulation indexes (Sls) of molt-3, CTV-1, and K562 cells in the presence of GDF were 8.35, 10, and 4.4, respectively, and in various experiments, the SIs of responsive cells were consistently greater than 1, ranging from 3 to 20. Moreover, the responsive cells were of different cell types (Table l), indicating that GDF was not a cell lineage-specific mediator.
Molt-3 and CTV-1 cultures incubated with and without G D F (5% to 20%) for various times (days 1 through 4) were not significantly different in either cell number or viability (data not shown). Furthermore, treated and nontreated cells are indistinguishable in morphology even when cultured for an extended period of time (greater than 4 weeks).
As shown in Table 2 , the number of colonies formed in cultures with GDF was invariably higher than in corresponding cultures without GDF, such that at 10% final concentration, colony formation was increased 8.4-, 13-, and 7.5-fold, respectively, for molt-3, CTV-1, and K562 cells. This enhancement was dose-dependent, and a similar effect can be observed using partially purified GDF preparations (Table 2 ). In addition to an increase in number, the average size of a colony was also considerably larger (two to three times) in cultures with GDF, suggesting that GDF can promote the clonal growth of the responsive cells. Likewise, GM-, G-, and M-CSF can all enhance the clonogenic potential (in both number and size) of the CTV-1 cells, but the CSFs have no effect on the molt-3 and K562 cells. LPS up to 0.1 pg/mL invariably fails to modulate the colony
GDF responsive cells.
Effect on cell growth.
Clonal growth.
formation of any of the leukemic cell lines (Table 2 ). These results suggest that GDF is distinct from either CSFs or LPS in biologic activity.
The activity of GDF was abolished after incubation a t 56OC for 30 minutes or dialysis against glycine-HC1 buffer a t pH 2.0 (Table 3) . However, GDF was resistant to the reducing effect of DTT and to repeated freezing and thawing (three times). Furthermore, treatment with trypsin had no inhibitory effect, but incubation with bacterial protease Type IV (200 Fgg/mL for 16 hours) greatly reduced its activity ( Table 3) .
As shown in Fig 2A, GDF binds to DEAE-TSK column in Tris buffer and can be eluted with 0.1 mol/L NaCl salt concentration (fraction B). This elution profile was highly reproducible, and similar results were obtained in at least four separate experiments. ,At this
Physicochemical properties of GDF.
Partial purification of GDF. stage, G D F was purified about 15-to 20-fold, with an approximate recovery rate of 25% to 30%. The gel filtration profile of fraction B eluted from DEAE-TSK column is shown in Fig 2B. G D F activity was detected only in fractions 12 through 14, with an estimated molecular weight of approximately 40 Kd. Similar gel filtration profile was obtained in two separate experiments. After these two consecutive purification steps, only 1% to 2% of the initial activity remained, and the purity of the GDF thus obtained was estimated to have increased about 50-fold. Three different approaches were used to determine whether or not GDF is identical to other known lymphokines/monokines. First, PMN-CM were assayed for reactivity to specifc antibodies against IL-lB, IL-2, IL-4, TNF-a, GM-CSF, and IFN-a by EIA; and our results indicated that no detectable amount of the above cytokines was present in PMN-CM. Second, GDF preparations were assayed for colony-stimulating activity (CSA)-GM and antiviral activity, and negative results were obtained in both cases. Thus, while 10% giant cell tumor (GCT)-CM induced an average of 53.3 f 6.2 colonies per 5 x lo4 marrow cells in two separate experiments, no G M colony was observed in cultures with PMN-CM (20%) or 10% partially purified GDF at either day 7 or day 14 post-incubation. Antiviral activity was undetectable in PMN-C M a t up to 50% concentration (data not shown). Third, highly purified rGM-CSF, IFN-a, rIL-I@, IL-2, IL-3, and IL-6 had no detectable thymidine uptake enhancing activity when incubated with molt-3 and CTV-1 cells, with SIs ranging from 0.7 to 1.16. IL-3 slightly depressed rather than enhanced thymidine uptake in both molt-3 (SI = 0.7) and CTV-I (SI = 0.73) cells.
As shown in Table 4 , only thymidine uptake was enhanced to a significant level in molt-3 (3.12) and CTV-1 (7.57) cells, while uptake of and E, cytochrome C (12.4 Kd), which were used t o calibrate the column. The filtration profile of fraction B revealed three peaks and GDF activity (indicated by a bar) was found in fractions 12 through 14.
For the other bases was at similar levels to the nontreated controls, suggesting that the overall rate of DNA synthesis was unaffected. The same was true for the total DNA content of these cells (data not shown).
The levels of TK activity increased in a time- (Fig 3A) and dose- (Fig 3B) dependent manner, and in the presence of GDF, enzyme activity in the responsive molt-3 cells was invariably higher (two-to threefold) than in nontreated controls. Conversely, TK activity in the nonresponsive U937 cells remained unchanged. In the same experiment, the thymidine SIs for molt-3 and U937 cells were 4.5 and 0.98, respectively. In addition, GDF per se had no direct influence on TK activity when added to the reaction mixture (data not shown). These results indicate that parallelism exists between GDF responsiveness and enhanced TK activity.
Thymidine kinase activity.
DISCUSSION
Conditioned medium of normal unstimulated polymorphonuclear neutrophils contains a mediator that can significantly amplify the uptake of thymidine by molt-3, CTV-1, and K562 leukemic cells in a time-and dose-dependent (Table 1 and data not shown). This mediator, designated granulocyte-derived factor is heat labile (56OC for 30 minutes) and acid labile (pH 2.0) and is susceptible to proteolytic digestion with bacterial protease type IV (Table  3) . Our preliminary data suggest that GDF has affinity for DEAE and has an apparent molecular weight of about 40 Kd (Fig 2 ) . The production of GDF is proportional to the number of PMN and is unaffected by treatment with either activating agents or metabolic inhibitors (data not shown). Furthermore, under natural conditions, GDF activity was detected only in PMN-CM but not in mononuclear leukocyteconditioned media.
PMNs are known to secrete a number of mediator^,'^'^^^^^^^ including IL-124 and IFN," in response to external activators. Most of these mediators are dialyzable (mol wt, less than 10,000). GDF is distinct from these mediators because GDF is nondialyzable, constitutively secreted, and has antigenic and functional characteristics distinct from IL-1 and IFN-a. In addition, GDF is also different from other lymphokines and monokines. Thus, GDF has no CSF-like activity and no detectable amount of interleukins-2, -4, or -6, TNF-a, or GM-CSF in crude or partially purified GDF preparations. Similarly, rIL-2, -4, and -6, and rGM-CSF are unable to promote thymidine uptake in either molt-3 or CTV-1 cells. These results suggest that GDF may be a novel mediator, although the final proof will have to await the purification of the GDF molecule to homogeneity and subsequent cloning of the GDF gene. However, to the best of our knowledge, this is the first report of such a PMN-associated cytokine.
Despite the marked enhancement of thymidine uptake in GDF-treated molt-3 and CTV-1 cells, there is no corresponding increase in cell number. Furthermore, the rates of DNA synthesis, as well as the total DNA contents, in cultures with and without GDF are similar, suggesting that there is no quantitative correlation between thymidine uptake and DNA synthesis ( Table 4) . This is somewhat surprising, since thymidine uptake is commonly taken as an index of DNA synthesis and cell growth despite certain reservations.26 A possible explanation for this phenomenon is that GDFtreated cells preferentially use the salvage pathway of DNA ___--- For personal use only. on August 16, 2017 . by guest www.bloodjournal.org From synthesis. This would lead to an increased consumption of thymidine and the accumulation of a highly radioactive thymidylate triphosphate (TTP) pool when the cells are pulsed with the radioisotope, while the absolute TTP pool size remains unchanged. This suggestion is supported by the observation that TK activity in GDF-treated sensitive cultures is consistently higher than in nontreated or nonresponsive cells (Fig 3) . However, it remains unclear whether GDF enhancement of T K activity occurred at the level of biosynthesis or whether enzyme activation is responsible, nor is it certain which form (cytoplasmic or mitochondrial) of TKi9 is involved. Whatever the mechanisms are, the action of GDF is not restricted to a particular type of leukocyte, and its activity is mediated indirectly, since G D F per se has no effect on TK activity.
Contrary to the behavior of GDF responsive cells in suspension culture, the proliferative capacity of molt-3, CTV-1, and K562 cells in soft agar is greatly increased in response to GDF (Table 2 ). This suggests that under certain culture conditions G D F can function as a growth-promoting factor. Since G D F responsiveness correlated well with elevated TK activity, it is speculative that T K can play a role in clonogenic growth, perhaps by providing a stimulatory signal to initiate DNA synthesis. This signal may be irrelevant in suspension culture but may be important in clonogenic growth. It has been demonstrated with different experimental models that PMN can promote the growth and metastasis of different types of solid t~mors,'.~,~' but a similar observation with leukemic cells has not been reported. Our results suggest that immunostimulation28 mediated by PMN could also be applied to leukemic cells, since clonogenic potential is often correlated with tumorigenicity.
The biologic and, more importantly, the physiologic significance of GDF remains to be determined and deserves further investigation. Recently, we have found that GDF can increase 'H-uridine uptake in responsive cells and can sensitize them to the cytotoxic effects of thymidine, bromodeoxyuridine, and 5-fluorouracil, but not to other unrelated
It is possible that GDF may be a natural mediator that can affect the growth characteristics of certain neoplastic and possibly normal hematopoietic cells by altering the pattern of their metabolic activities.
